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Cloud fragmentation cascades and the distinction between
regulating versus destructive feedbacks
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ABSTRACT
Stars form from gravitationally unstable clumps, which can be interpreted as the near
inner scale of a mass conserving, fragmentation cascade of giant molecular clouds
(GMC). We first show that the properties of a mass conserving fragmentation cascade
are consistent with a scale-independence of ǫff (R)–the ratio of star formation rate to
the total cloud mass of scale R divided by the corresponding free fall time. We further
show that the amount of feedback needed to stop the fragmentation cascade and
suppress star formation decreases with the scale at which this feedback couples to the
clouds. Regulating feedback by low mass stellar outflows couples to the gas on small,
sub-parsec, scales leaving most of inertial range of fragmentation cascade unfettered,
but still suppressing the star formation rate. Destructive feedback from high mass
stars globally destroys the cloud complexes. This duality combines to maintain a
low star formation rate, scale independence of ǫff , Larson-type relations, the required
conversion rate ofH2 back to HI in the Galaxy, and contributes turbulent fluctuations
for reseeding the next fragmentation cascade.
Key words: ISM: clouds; galaxies: star formation; ISM: evolution; ISM: structure;
ISM: jets and outflows
1 INTRODUCTION
Predicting and modeling the observed star formation rate
(SFR) of the Galaxy is a complex task, involving a nonlinear
interplay between self-gravity, turbulence and stellar feed-
back in molecular cloud evolution (Krumholz et al. 2006;
McKee & Ostriker 2007; Dobbs, et al. 2014). Stepping back
from detailed modeling to identify some basic principles is
constructive when possible, and that is the present purpose.
The hierarchical structure of molecular clouds is con-
sistent with an origin from fewer large clouds subjected
to turbulent perturbations, that facilitate fragmentation
to smaller scales Hoyle (1953); Chieze (1987); Field et al.
(2008); Hopkins (2013). Predictions for mass, number, and
density of molecular clouds as a function of scale emerge
from this framework As applied to the Galaxy, the outer
scale of the fragmentation might correspond to the largest
giant molecular clouds (GMC) of radii ∼ 50pc with self-
similar properties down to the ∼ 0.1pc clump scale. Here-
after “cloud complex (CC)” refers to the fragmentation
structure of subunits that emerge from one of these outer
scale clouds.
The connection between a fragmentation cascade and
the need for stellar feedback is as follows: the total mass
⋆ E-mail: blackman@pas.rochester.edu
of molecular gas in the ISM is approximately 2 × 109M⊙.
Most of this is contained in ∼ 2000 of the most massive
GMC (Combes 1991), implying a mass ML ∼ 10
6M⊙ per
cloud. The characteristic radius of these largest clouds is
RL ∼ 50pc, with average mass density ρL ∼ 1.6×10
22g/cm3.
Without kinetic support, the clouds would collapse on a free
fall time tff,L, which, for a homogeneous sphere, is given by
tff,L =
(
3π
32GρL
) 1
2
∼ 5.5×106
(
ρL
1.6× 10−22g/cm3
)− 1
2
yr.(1)
If star formation were 100% efficient and occurred on a
free fall time for each GMC, then dividing its mass by
its free fall time gives the unfettered “no-feedback” SFR
(Zuckerman & Evans 1974; McKee & Ostriker 2007). For
2000 of these large GMC, the total Galactic SFR would then
be
M˙nf,T = NM˙nf ∼ 360
(
N
2000
) (
M0
106M⊙
)
×
(
ρ0
1.6×10−22g/cm3
)− 1
2
M⊙/yr,
(2)
where M˙nf is the no-feedback SFR per large GMC. The ob-
servationally inferred Galactic SFR is M˙obs,T ∼ 4M⊙/yr ∼
M˙nf,T /100 (van den Bergh 1991; Stahler & Palla 2004;
Diehl et al. 2006).
We can normalize the SFR by the mass and free fall
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time at a given scale R and construct a scale-dependent
dimensionless ratio
ǫff (R) =
M˙obs,T fRtff (R)
MR
, (3)
where fR is the fraction of star formation occurring within
structures of scale R, and R ranges between the largest GMC
scales down to clump scales, MR is the sum of the mass in
all structures with scale R (later made explicit in equation
(5)), and tff is the free fall time for structures of scale R.
Eq. (3) is inspired by Eq. (1) of Krumholz & Tan (2007)
which is
SFTX−ff =
M˙obs,T fXtff,X(R)
MX
, (4)
where fX is the fraction of galactic star formation occur-
ing in objects of some specified class X, MX is the total
mass class X objects in the galaxy, and tff,X is their free
fall time. Were we to allow “objects of class X” to represent
“objects of scale R” then equations (3) and (4) could be the
same. Krumholz & Tan (2007) do not use X in equation
(4) to distinguish objects primarily by scale, but by obser-
vation type. Krumholz (2014) compiled and reviewed data
indicating that SFTX−ff ≃ 0.01, independent of density of
the object class. Inasmuch as objects of a given scale in the
fragmentation cascade also correspond to objects of a given
density, there is some correspondence between equations (3)
and (4).
We will argue that a constant ǫff << 1 is explicable
by a mass conserving fragmentation cascade (Field et al.
2008), and is consistent with both the observed properties of
molecular clouds and the required conversion rates of molec-
ular to neutral gas when two modes of stellar feedback con-
spire: (i) regulation feedback, which tempers the SFR with-
out destroying a cloud complex, and (ii) destructive feedback
from massive stars, which obliterates the clouds, converting
molecular gas to HI or HII while also offering a source of
turbulence to help seed density fluctuations that facilitate
the next generation of fragmentation.
In section 2, we show how a fragmentation cascade leads
to a constant ǫff and in doing so, clarify the meaning of the
quantities in equation (3). In section 3 we show that the
momentum or energy of feedback needed to abate the frag-
mentation cascade and reduce the SFR are a function of
scale, and minimized at the smallest scales. In section 4,
we discuss how regulation feedback from YSOs can truncate
the fragmentation cascade on small scales, but still preserve
Larson’s laws on larger scales. In section 5 we argue that de-
structive modes of feedback from high mass stars punctuate
this otherwise steady feedback, accounting for the needed
conversion of H2 toHI while supplying a substrate of turbu-
lent fluctuations for the next incarnation of fragmentation.
We conclude in section 6.
2 MASS CONSERVING CASCADE AND
CONSTANCY OF ǫFF
2.1 Virial equipartition and basic framework
Molecular clouds with radial scales 50pc down to clump
scales ∼ 0.1pc were long thought to obey the Larson scal-
ing relations for velocity dispersion σ ∝ R1/2 and den-
sity ρ(R) ∝ R−1 respectively (Larson 1981; Solomon et al.
1987), so that M(R) ∝ R2. The constants of proportion-
ality were seemingly consistent with virial equipartition
αv ∼ 1 where αv ≡
3GM
5σ2R
is a minimalist virial parame-
ter (Bertoldi & McKee 1992), for spherical clouds. However,
Heyer et al. (2009) found that updated measurements are
more consistent with σ ∝ Σ1/2R1/2 and α < 1, with the
surface density Σ varying in different regions. Alternatively,
Va´zquez-Semadeni, et al. (2008), Ballesteros-Paredes et al.
(2011), and Ballesteros-Paredes et al. (2012) argued instead
that the velocity dispersion may be primarily infall.
Field et al. (2011) suggested that the Heyer et al.
(2009) results may still be consistent with clouds in VE but
only if (i) external pressure is taken into account and (ii)
clouds are at the ”critical radius” (Chieze 1987; Elmegreen
1989) which extremizes their size for a given mass in equi-
librium. This generalized VE for critical clouds would then
be characterized by the balance σ
2
Rc
= 1
3
(
πΓGΣc +
4Pe
Σc
)
,
where Pe is the external pressure, Γ accounts for cloud
density structure (Γ = 3/5 for uniform density; Γ = 0.73
for isothermal sphere); and the critical surface density de-
termined from critical mass and radius (Bonnor 1956) is
Σc = 1.1(Pe/G). For constant Pe in a given cloud com-
plex, the standard Larson’s scaling proportionalities would
then still apply simply, although explaining the full range of
clouds requires Pe to vary by 2 orders of magnitude between
regions. A plausible alternative to external pressure is the
gravity from a shell of HI (Elmegreen 1989) that is neces-
sarily part of the cloud entity, but not detected in molecular
lines.
Previous work has not explained why the clouds would
be observed at their “critical” radii, but a simple possibility
arises if we recognize that critical clouds have the lowest
density for a given mass. This means they have the longest
collapse time and lifetime for a given mass. If the probability
of forming different states of equilibrium at a given mass
were equal, then the probability of observing critical clouds
would be highest.
All that said, the precision to which VE can
be determined in molecular clouds remains low
(Singh, Matzner & Jumper 2019). Moreover, clouds
deviate from the sphericity symmetry commonly assumed
in minimalist scaling arguments. Nevertheless, we push
forward and assume that the aforementioned Larson-type
scalings apply. The energy in a given equilibrium cloud then
decreases with decreasing size, since M(R)σ2(R) ∝ R3.
This results because cloud collapse and fragmentation with
the complex require energy loss. Collapse ensues only if
a cloud loses internal pressure support fast enough (e.g.
Keto et al. 2019), and for most of the “inertial” range, this
means dissipation of supersonic turbulent kinetic energy
which is lost to radiation.
Fragmentation requires that clouds must not only have
sufficient gravity but also have pre-existing density fluc-
tuations within to overcome turbulent support. The free
fall time varies with ρ−1/2 so the density fluctuations en-
able subunits to collapse before the overall cloud does.
These required density fluctuations might be as high as
30% over background (Toala´ et al. 2015), Plausibly, they
may be a consequence of interacting supersonic velocity
fluctuations whose energy is supplied by a combination of
c© RAS, MNRAS 000, 1–??
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gravity itself, and externally, e,g.. SN driven, turbulence
(Mac Low & Klessen 2004; Kritsuk, Lee & Norman 2013a;
Padoan et al. 2016; Kritsuk, Ustyugov & Norman 2017).
We self-consistently ignore magnetic fields for present
purposes on the following grounds: magnetic fields in galax-
ies originate from kinetic energy from velocity flows. On the
∼ 50pc scales from which the largest GMC form and initiate
the fragmentation cascade, ρv2T ≥ ρv
2
A. If Larson’s relations
hold, then ρv2T ∼ constant, so that this inequality is main-
tained throughout the fragmentation inertial range. Debate
as to whether the ”cup” is half full or half empty of magnetic
fields at this level, but observations do not reveal strongly
dominant magnetic fields above core scales (Crutcher 2012;
Nixon and Pringle 2019). The basic concepts that we isolate
below apply whether or not magnetic fields are at of below
turbulent equipartition.
2.2 Constancy of ǫff
To obtain ǫff within this framework, we must obtain ba-
sic scaling relations of a mass conserving cascade. Following
Field et al. (2008), the mass contained in clouds of radius R
within the complex is given by
MR =
∫ x
0
M(x′)
dN
dx′
dx′, (5)
where x ≡ R/RL, RL and ML are the outer (largest) scale
GMC radius and mass, dN is the number of clouds within
the scale range dR, dN/dx = RLdN/dR measures the num-
ber of clouds per normalized scale, and
M(x) =MLx
2. (6)
For clouds of outer scale RL, Eq. (5) gives
ML =
∫ 1
0
M(x′)
dN
dx′
dx′ =ML
∫ 1
0
x2
dN
dx
dx, (7)
where
dN
dx
∝ x−p, (8)
with p to be determined. To obtain p, we write the total rate
of mass flow through the cascade as
M˙F = −M(x)
dN
dx
dx
dt
∝ x2.5
dN
dx
. (9)
A constant M˙F then implies
dN
dx
∝ x−2.5, (10)
so that p = 2.5. From Eq. (5) we then obtain
MR ∝ R
1/2 (11)
and
dN
dM
=
dN/dx
dM/dx
∝ x−3.5 ∝M−1.75. (12)
The cloud complex forms a nested structure with
smaller clouds embedded in larger clouds and the larger
clouds thus include the small clouds. In turn, fR in Eq. (3)
is a constant in this picture, since star formation that occurs
within the nested cloud structure is contained in all clouds
larger than the core scale. So with fR = constant, using Eq.
(6) and
tff (R) ∝ ρ
−1/2
∝ (R/M(R))3/2 ∝ R1/2 (13)
in Eq. (3) along with Eq. (11) gives
εff ∝ R
0 = constant, (14)
curiously consistent with the measured constancy of the ana-
log quantity SFTX−ff of equation (4) (Krumholz & Tan
2007; Krumholz 2014). Observations require ǫff ∼ 0.01 <<
1. We next describe why accommodating this low value re-
quires less momentum and energy on small scales.
3 SCALE DEPENDENT MOMENTUM AND
ENERGY CASCADE RATES
Gravitationally unstable clouds will collapse and/or frag-
ment unless abated by feedback, but the amount of feed-
back needed to abate collapse is scale dependent. The grav-
itational collapse produce a momentum (and energy) flux
to smaller scales. Abating this collapse requires supplying a
sufficient outward momentum.
For a mass conserving fragmentation cascade in each
GMC complex, the no-feedback scalar momentum deposi-
tion rate on scale R from collapse is
dPg
dt
(R) = ρv2ff · 4πR
2
Lx
2
· xdN/dx ≃ 4πρLGMLRLx
1/2
≃ 3.5× 1031x1/2
(
ML
106M⊙
)2 (
RL
50pc
)−2
g.cm/s2,
(15)
where we have used equations (10), (13), ML =
106M⊙, RL = 50pc, and the scale independence of ρv
2
ff im-
plied by Larson’s relations to replace this latter quantity by
ρLv
2
ff,L, where vff and vff,L are the free fall speeds for ar-
bitrary scale R and scale RL respectively. For the energy
deposition rate we have, similarly,
dEg
dt
(R) = ρv3ff · 4πR
2
Lx
2
· xdN/dx
≃ 4πρLG
3/2M
3/2
L R
1/2
L x
≃ 3.3× 1037x
(
ML
106M⊙
)5/2 (
RL
50pc
)−1.5
g.cm2/s3,
(16)
where have also used vff ∝ R
−1/2. Because of their pro-
portionalities to x1/2 and x respectively, equations (15) and
(16) show that the free fall energy and momentum deposi-
tion rates associated with a mass-conserving cascade require
less feedback momenta on smaller scales to abate the cascade
and reduce SFR. Abating the free fall momentum (energy)
flux is the more (less) stringent requirement if whatever sup-
plies the feedback has a larger (smaller) speed than free fall
on the feedback coupling scale.
4 YOUNG STELLAR OUTFLOW FEEDBACK
AND THE TRANSITION MASS SCALE
From equation (15), the required momentum for abating
a fragmentation cascade at R ∼ 0.5pc is 10 times smaller
than at R = RL = 50pc. This is important for at least
two reasons: (i) star clusters form from clumps of radius
Rc ∼ 0.5pc (Shirley et al. 2003), and (ii) this scale is close
to the lower end of the range below which Larson relations
do not apply. Feedback coupling to the gas at this 0.5pc
scale could both abate the SFR and in doing so, demark a
transition scale below which Larson’s relations are broken
and feedback abates the cascade.
c© RAS, MNRAS 000, 1–??
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Suppose the fragmentation cascade proceeds from RL =
50pc down to R ≃ 0.2
(
M
16M⊙
) 1
2
(
ML
106M⊙
)−1/2 (
RL
50pc
)
pc,
where the scalings result from Larson’s relations. Theoretical
(Matzner 2007; Carroll, Frank & Blackman 2010) and ob-
servational (Quillen, et al. 2005; Brunt, Heyer & Mac Low
2009; Nakamura, et al. 2011) studies suggest that stellar
outflow feedback can inject a turbulent velocity dispersion
for typical molecular clouds of order σ ∼ few km/s at this
scale.
To see that this velocity dispersion could produce a
transition scale by truncating the fragmentation cascade,
we use the fact that M˙ is constant (i.e. mass conservation)
through the cascade. We then divide Eq. (15) by M˙obs/2000,
the observed galactic SFR per GMC complex, assuming
N = 2000 parent GMC clouds for scale RL. The result is
σ ≃ 4.2
(
M˙obs
4M⊙/yr
)−1 (
ML
106M⊙
)2 (
RL
50pc
)−2 (
R
0.008RL
)0.5
km
s
. (17)
Thus YSO outflows can, potentially, abate feedback and
cause a transition scale. This can reduce the SFR without
destroying the larger scale cloud complex. That is impor-
tant because it explains how the appearance of cloud com-
plexes that appear with large dynamic range apparently in
unfettered generalized virial equilibrium down to sub-parsec
scales can stiil be consistent with a low SFR.
In this context, we note that the dynamical im-
portance of outflow feedback on small scales can be
underestimated by principal component analysis (PCA).
Carroll, Frank & Blackman (2010) showed that PCA, when
used as a tool for identifying turbulent driving scales as in
Brunt, Heyer & Mac Low (2009), is biased toward low am-
plitude large-scale velocity structures, even when energeti-
cally subdominant, thereby hiding contributions from small
scales.
5 INTERMITTENT GMC DESTRUCTION
FROM MASSIVE STARS
Feedback from massive stars is more intermittent but more
destructive. Here we focus on SN, which, unlike YSO out-
flows, provide enough momentum and energy to disrupt the
entire cloud complex, and supply the Galaxy with HI at the
required rate.
A typical supernova injects 1051erg and PSN ∼ 2 ×
1043g · cm/s of scalar momentum into a cloud complex. This
is comparable to the gravitational binding energy of the
canonical parent GMC cloud of radius RL ∼ 50pc, and
mass 106M⊙. A similar conclusion is reached based on the
injected momentum: at a rate of ξSN ∼ 0.03yr
−1 for the
Galaxy, which implies a rate of 1.5 × 10−5yr−1 per parent
RL = 50pc GMC. The associated momentum injection rate
is then 1031g · cm/s2. This exceeds the value required to dis-
rupt the entire cloud complex based on Eq. (15). While both
energy and momentum considerations require a single SN
to have of order unity efficiency to disrupt the cloud com-
plex, over 106 yr, ∼ 5 SN would be comfortably sufficient.
As such, GMC likely incur SN punctuated disruption every
∼ 106 years, independent of the steady percolation provided
by the YSO feedback of the previous section.
SN are also a source of galactic turbulence for the ISM
(Spitzer 1978; Norman & Ferrara 1996; Sellwood & Balbus
1999), and in molecular clouds that form from this ISM
(Mac Low & Klessen 2004; Padoan et al. 2016). The latter
is important, as discussed in section 2, since a source of sub-
unit density fluctuations within a parent cloud are needed
to seed subunit fragmentation.
In addition, feedback from SN converts the molecular
gas into HII which cools into HI (an effect exacerbated by
additional ionizing photons). This feedback can also account
for: (1) the observed mass of HI in shells, (2) the observed
energy content of shells and supershells, and (3) the deple-
tion of H2 between spiral arms. We discuss each in turn.
SN induced conversion of H2 into HII and ultimately
HI can be constrained by observations of HI shells and su-
pershells (e.g. Heiles 1979) where most of the atomic hydro-
gen is contained. Heiles (1979) observed 45 shells (defined
by energy content < 3 × 1052 erg) and 18 supershells with
larger energies. The latter dominate both the shell masses
and energies by factors of 10 to 100. The total HI mass in
shells is about MHI ∼ 4×10
8M⊙.
1 Heiles (1979) estimated
a typical age of tsb ∼ 10
7 years for the lifetime of HI super-
shells, so the upper limit on the rate of HI conversion from
MC via SN would be ∼ MHI/tsb = 40M⊙/yr. Dividing the
SN injected momentum of 2 × 1043g · cm/s by typical flow
speeds σSN ∼ 10km/s when the remnant breaks up, the
mass influenced per SN is then M ∼ 104M⊙. Multiplying
by the galactic SN rate then gives 300M⊙/yr so only 10%
of this influenced mass need be involved in conversion of H2
to HI in shells to account for the observations.
Dividing the total kinetic energy ∼ 2 × 1054erg in ob-
served shells (Heiles 1979) by typical lifetimes tsb ∼ 10
7yr,
gives a required energy injection rate 6.7 × 1039erg/s. We
can use momentum conservation for these late stages to find
the kinetic energy injected by SN to be PSNσSN · ξSN =
2× 1043 · 106cm/s · 0.03/(3 × 107) = 2× 1040 erg/s, consis-
tent with what is required.
Finally, any mechanism that converts H2 to HI is con-
strained by the fact that the bulk of the total ∼ 2× 109M⊙
of H2 in the Galaxy resides in spiral arms. The absence of
H2 in the inter-arm regions means that the molecular gas in
the arms must be converted into HI on the time scale that
material moves through the arms. At the solar circle, there
are ∼ 4 arms (Vallee 2005) each of which take ∼ 2× 108yr
to pass through as the gas motion has a significant com-
ponent along the arms. This lengthens the time scale for
gas to pass through the arms from the value of 1/4 of a
rotation period which would arise if the arms were purely
radial. The minimum rate of HI formation needed to ac-
count for the absence of H2 in the inter-arm regions is then
∼
2×109M⊙
2×108yr
∼ 10M⊙/yr. The potential HI supply rate be-
ing as high as 300M⊙/yr discussed above, can easily meet
this minimum requirement.
6 CONCLUSIONS
Molecular cloud complexes interpreted as mass-conserving
fragmentation cascades are conceptually consistent with a
number of basic observations. This type of cascade produces
1 The total HI mass in the Galaxy is closer to 4 × 109M⊙
(Dickey & Lockman 1990; Sparke & Gallagher 2006)
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a constant star formation rate fraction of cloud mass per
free fall time as a function of scale, down a the sub-parsec
transition scale below which YSO outflows suppress the cas-
cade. The momentum feedback needed to abate the cascade
is smaller on smaller scales, so that this regulating feedback
from YSOs can then mediate the observed SFR without af-
fecting the Larson-type relations observed on larger scales.
Destructive feedback from massive stars intermittently de-
stroys clouds and coverts H2 back into HI. The combination
of a mass-conserving cascade and feedback duality together
provide a conceptual paradigm that may help distill some
basic principles amidst the complexity of more detailed mod-
els and observations.
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